The antiproliferative and cytotoxic properties of polyphenolic acid derivatives, structurally related with the natural models caffeic and gallic acids, have been tested in human cervix adenocarcinoma cells (HeLa). Simultaneous structural information was obtained for these compounds through theoretical ab initio methods. This study was conducted for the following esters: methyl caffeate (MC, 1), propyl caffeate (PC, 2), octyl caffeate (OC, 3), methyl gallate (MG, 4), propyl gallate (PG, 5) and octyl gallate (OG, 6) . A significant growth-inhibition effect was assessed for some of these compounds, clearly dependent on their structural characteristics. Marked structure-activity relationships (SARs)--namely the number of hydroxyl ring substituents--were found to rule the biological effect of such systems.
Introduction
Some naturally occurring phenolic acids and analogues, namely caffeic and gallic acids, are known to display a wide variety of biological functions, in addition to their primary antioxidant activity, which are mainly related to modulation of carcinogenesis. 1;2 Indeed, many phenolic compounds have been investigated for their potential use as cancer chemopreventive agents. 3 Epidemiological studies indicate that a rich diet in fruits and vegetables reduces cancer risk in humans, suggesting that certain dietary constituents may thus be effective in preventing cancer. 4 Cinnamic acid esters, such as caffeic acid phenethyl (CAPE) and benzyl esters, display selective antiproliferative activity against some types of cancer cells. 5 CAPE, which is a component of propolis from honeybee hives, has shown anticarcinogenic and immunomodulatory properties. 6 It was proposed that the molecular basis of this action may be connected to the inhibition of the nuclear transcription factor NKkappa B. 7 Gallic acid and its esters, in turn, are hydroxybenzoic derivatives used as antioxidant additives in both food and pharmaceutical industry--E-310 (propyl gallate) and E-311 (octyl gallate)--which are known to protect against oxidative damage induced by reactive oxygen species (ROS), as hydroxyl radicals or hydrogen peroxide, and reactive sulfur species (RSS). 8;9 Synthetic galloyl esters showed to be potent and selective enzyme inhibitors, as well as synergistic protectors against peroxyl radical damage in membranes. They were also found to inhibit cytokine-induced nuclear translocation of NF-kappa B, as well as expression of leukocyte adhesion molecules in vascular endothelium cells. 10 Moreover, gallic acid derivatives are known to cause apoptosis in tumour cell lines and to inhibit lymphocyte proliferation. 11 However, the mechanism by which gallic acid analogues induce apoptosis in some cell lines is yet not completely understood, probably involving the paradoxical generation of ROS, which interfere with the homeostatic redox balance of the cell. [12] [13] [14] It is also a fact that these compounds are excellent inhibitors of protein tyrosinase kinases (PTKs). 15 The recognised cytotoxic activity of phenolic derivatives depends on their rate of incorporation into cells, directly related to their lipophilicity, as much as to their antioxidant activity. Both these properties are affected by the presence of the ring substituent hydroxyl groups and by the length of the ester moiety, in polyhydroxylated phenolic esters. Thus, the knowledge of the structural characteristics of this type of compounds is of the utmost importance for the understanding of the structureactivity relationships (SARs) underlying their biological activity.
The present study concentrates on the evaluation of the growth inhibition and cytotoxic activity towards a human cancer cell line, of six distinct phenolic esters: methyl trans-3-(3,4-dihydroxyphenyl)-2-propenoate (methyl caffeate, MC, 1), propyl trans-3-(3,4-dihydroxyphenyl)-2-propenoate (propyl caffeate, PC, 2), octyl trans-3-(3,4dihydroxyphenyl)-2-propenoate (octyl caffeate, OC, 3), methyl 3,4,5-trihydroxybenzoate (methyl gallate, MG, 4), and two official antioxidants propyl-3,4,5-trihydroxy-benzoate (propyl gallate, PG, 5) and octyl-3,4,5trihydroxybenzoate (octyl gallate, OG, 6). The results thus obtained were interpreted in the light of structural information yielded by theoretical (ab initio) methods.
Results and discussion
Six distinct phenolic esters were studied--MC (1), PC (2), OC (3), MG (4), PG (5) and OG (6) ( Fig. 1 ). These compounds, to be assessed for their antitumour activity in a human cervix adenocarcinoma cell line (HeLa), differ mainly in the number of hydroxyl ring substituent groups and/or in the length of the alkyl side chain, apart from the nature of the side carbon chain--with or without an ethylenic spacer (depending on whether they are caffeates or gallates).
Structural analysis
In order to determine the effect of the structural characteristics of this kind of phenolic derivatives on their antiproliferative and/or cytotoxic activity, theoretical calculations were carried out, using ab initio methods. A complete geometry optimisation was carried out for compounds 1-6, in order to obtain the distinct possible structures for these molecules, as well as their relative stability. The effect of several geometrical parameters on the overall stability of the compounds was investigated, namely: (i) orientation of the phenolic substituents, both relative to the ring and to the C@O group--dihedrals (H 17 O 8 C 5 C 4 ), (H 18 O 7 C 6 C 5 ) and (H 20 O 14 C 1 C 6 ) equal to 0°or 180°( Fig. 1 ); (ii) position of the aromatic ring and the carbonyl group relative to the spacer C@C bond, in the caffeates--either trans or cis, for dihedral (O 12 C 11 -C 10 C 9 ) equal to 0°or 180°, respectively; (iii) orientation of the alkyl chain relative to the benzene ring, in the case of gallates--(C 10 C 9 C 3 C 2 ) 0°or 180°--and to the spacer double bond, in the caffeates--dihedral (O 13 C 11 C 10 C 9 ) equal to 0°or 180°. For all the geometries thus obtained, calculation of the harmonic vibrational frequencies was also performed, in order to determine which ones were real energy minima (conformers) in the potential energy surface.
For all caffeates and gallates under investigation investigation--MC, PC, OC, MG, PG and PG--the most stable conformers ( Fig. 1) were found to display a planar geometry, probably due to the stabilising effect of pelectron delocalisation between the benzene ring and both the carbonyl group, in the gallates, or the ethylenic side chain, in the caffeates, which is favoured when they all lie in the same plane. Moreover, in the caffeates (1-3), an E orientation of the ring and the C@O group relative to the C 9 @C 10 bond showed to be highly favoured. As to the variable length ester alkyl chain, a zig-zag conformation was determined to yield, in all cases, the most energetically favoured structures.
Furthermore, an identical orientation of the benzene hydroxyl substituents, always coplanar with the aromatic ring, was detected. In fact, this allows the formation of highly stabilising medium strength intramolecular (O)HÁ Á ÁO interactions (OÁ Á ÁH distances between 211 (for caffeates) and 218 pm (for gallates), Fig. 1 ). As expected, no stable geometries were obtained when the hydroxyl groups were directed towards each other. However, some conformers were found for opposite orientations of these phenolic OHs, although these were the least stable ones (OÁ Á ÁO distances of ca. 265 pm).
The conformational results presently obtained for the caffeates and gallates studied are in perfect accordance with previously reported data on the analogous dihydroxylated and trihydroxylated carboxylic acids, namely trans-caffeic acid (trans-3-(3,4-dihydroxyphenyl)-2-propenoic acid, CA, 7) 16 and trans-3-(3,4,5-trihydroxyphenyl)-2-propenoic acid. 17 Regarding the relative orientation of the ring hydroxyls and the C@O group, for instance, it is worth noticing that the phenolic esters now investigated present an identical behaviour to similar phenolic acids: thus, while a trans orientation was found to be preferred for caffeates 1, 2 and 3--as in caffeic acid--an S-cis conformation was energetically favoured for the trihydroxylated esters 4, 5 and 6-similarly to what was observed for both gallic (8) and trans-3-(3,4,5-trihydroxyphenyl)-2-propenoic acids. This is corroborated by single-crystal X-ray studies on similar systems, namely propyl, butyl and octyl gallates. [18] [19] [20] In fact, both bond lengths and angles reported for the crystal, as well as intermolecular (O)HÁ Á ÁO distances, are in close agreement with the presently calculated values.
Biological assays
The phenolic esters investigated were tested in a human cervix adenocarcinoma cell line--HeLa (epithelial-like adherent line). In order to determine the degree of toxicity of these compounds towards healthy cells, experiments were also carried out in non-neoplastic cells--fibroblasts from human embryonic lung tissue (L-132). All the results presented were obtained by two independent methods: cell density measurement--Trypan blue exclusion method--and cellular viability assessment--MTT colorimetric assay. Cisplatin (cisdiaminedichloroplatinum(II), CDDP, 9) was used for comparison purposes in all the experiments carried out along this work, since it is one of the most widely used chemotherapeutic drugs in clinical practice. Caffeic and gallic acids, the di and trihydroxylated precursors of the esters under study, were also considered for comparison. was possible to conclude that values above 50 lM did not correspond to a significant increase in the corresponding growth-inhibition effect (Fig. 2 ).
The cytotoxic activity of the phenolic derivatives tested showed to be strongly dependent on their structure. Actually, for each type of ester--either di or trihydroxylated--the effect of a variation in the length of the alkyl chain was found to lead to a clear change in the respective antiproliferative properties: the propyl esters (2 and 5) displaying a considerably more pronounced antitumoural effect towards both HeLa and L-132 cell lines than their octyl and methyl analogues (Figs. 2 and 3). Indeed, the compounds with a shorter alkyl chain-methyl esters 1 and 4--showed a rather small antiproliferative effect, mainly against HeLa cells (Fig. 2) . These results may be explained by the drug uptake process, which is related to the balance between its lipophilicity and hydrophilicity. Actually, for a drug to reach its site of action it must be able to interact with two different environments: lipophilic (e.g., membranes) and aqueous (e.g., cytoplasm). The lipophilicity of a phenolic ester, which is expected to increase with its alkyl chain length, 21 is thus an important factor to consider, once it leads to a higher affinity for the inner (hydrofobic) part of the lipid bilayer, thus influencing the localisation of the compound within the cell. The effect of lipophilicity in the cytotoxic activity of this kind of compounds was recently reported for caffeate analogues 22 : a remarkable reduction of cytotoxicity was found upon substitution of the ester group by a hydrophilic moiety (either hydroxy or amide-type). Table 1 contains the lipophilicity properties--herein defined by partition coefficients in a two-phase octanolwater system (log P values)--calculated for the phenolic compounds under study (1) (2) (3) (4) (5) (6) . As expected, lipophilicity increases upon lengthening of the alkyl ester chain, and was determined to be higher for the caffeates than for the corresponding gallates. Several studies on different potential antitumour agents have shown that a maximum cytotoxic activity is often achieved for intermediate lipophilicity and water solubility values. This is also being verified by the present results, the esters yielding a higher cytotoxic activity--propyl caffeate and gallate-displaying intermediate log P values (Table 1) . A clear correlation between lipophilicity and anticancer effect, however, is not always easy to achieve, because the antiproliferative activity also depends upon other factors, such as reduction potential and structural characteristics of the compounds--for the esters presently studied, length of the alkyl chain and degree of OH ring substitution.
Regarding the effect of these structural characteristics, it was found that the presence and number of OH ring substituents, in polyphenolic derivatives, is determinant of the corresponding biological activity. 23;24 Actually, it was even reported that methylation of these hydroxyl groups, which are mainly responsible for the antioxidant characteristics of phenols, abolished cytotoxicity. 22 In the present study, it was verified that, for the same length of the alkyl chain, the trihydroxylated esters displayed a higher antiproliferative and cytotoxic effect than the dihydroxylated ones--compounds 5 versus 2 (Fig. 4 ). This is in total agreement with previous results on several analogous phenolic acids (namely caffeic (7) and gallic (8) acids), which presented a similar behaviour in several human cancer cell lines (from leukaemia to adenocarcinomas). 25 Furthermore, all the caffeates presently displaying antitumoural properties have an E orientation of the aromatic ring and the C@O group relative to the carbon chain double bond. In fact, it was previously reported by other authors that an E conformation seems to be essential for the cytotoxic activity of such compounds. 22 Also, the well-known ability of polyphenolic compounds to form dimeric structures 17 should be taken into account, once their conformational preferences, and consequently their chemical properties, vary considerably upon dimerisation.
A significant disadvantage of the clinically used chemotherapeutic agents consists in its rather high toxicity, mainly due to side reactions with other biomolecules apart from DNA (e.g., proteins). In order to assess this factor for the compounds now investigated, experiments were carried out in non-neoplastic cells--L-132 human fibroblasts. These assays allowed to conclude that all the compounds studied present some degree of nonreversible toxicity against healthy cells, that is quite high for the propyl esters (2 and 5) for which viability decreases to about 30% (Figs. [2] [3] [4] . No significant differences have been detected between caffeates and gallates.
The values of 50% inhibitory concentration (concentration of drug yielding a 50% cell viability decrease, IC 50 ) measured for the distinct compounds investigated are comprised in Table 1 . These results clearly evidence that esters 2 and 5 display a much higher cytotoxic activity towards the HeLa malignant cell line as compared to the analogous derivatives tested, displaying shorter (methyl) or longer (octyl) chains. Also, as expected, the trihydroxylated compound 5 presents a lower IC 50 value than its dihydroxylated analogue 2 (8.0 vs 12.0 lM). Nevertheless, even these IC 50 values are still higher than desirable for these phenolic derivatives to be considered as efficient antiproliferative agents. Furthermore, the effect of structural changes on the cytotoxicity of these phenolic esters was found to be much less evident for the fibroblasts than for the malignant cells tested, which may reflect a certain specificity towards neoplastic cells.
The degree of reversibility of both the antiproliferative and cytotoxic effects displayed by compounds aimed for use as antitumour drugs is, understandably, of the utmost importance. In fact, consideration of a recovery period following drug exposure, apart from allowing the determination of the reversibility of the drug effect, as well as the measurement of a possible delayed cytotoxicity, avoids over or underestimation of the level of cell kill achieved. The present results indicate that, except for the methyl derivatives (which yield a rather low cytotoxic effect), both propyl and octyl gallates display a more reversible cytotoxic activity against HeLa cells (up to ca. 75%) than the corresponding caffeates (only up to ca. 60%). However, cell viability recovery after drug removal was found to be higher for this cancer cell line (up to 60-75%) than for fibroblasts (recovery up to 40-50%).
Despite the significative toxicity of the esters under study towards fibroblasts, they were found to be far more cytotoxic towards human cancer cells (almost threefold) than the corresponding caffeic (7) or gallic (8) acids (Fig. 4) , which is in accordance with previous studies on similar caffeates. 5 In fact, the electrochemical behaviour of these systems--namely their electrondonating ability--was previously reported to be affected by the introduction of alkyl groups in the carboxylate part of the molecule (ester formation), 26 which may explain such a marked difference in biological activity between the acid and the ester form of these phenolic derivatives.
Conclusions
The phenolic esters investigated for their antitumour activity in a human adenocarcinoma cell line--methyl, propyl and octyl caffeates and gallates--varied mainly in the number of phenolic substituents and/or in the length of the alkyl side chain, apart from the distance between the carboxylic group and the aromatic ring (depending on whether they were caffeates or gallates).
A structural analysis of these compounds was carried out by theoretical (ab initio) methods, once structurally different esters were found to yield distinct cell density and viability results, thus allowing the establishment of structure-activity relationships. The geometrical preferences of the compounds studied are mainly determined by electrostatic factors, as well as by the formation of both intra and intermolecular hydrogen bonds (e.g., (O)HÁ Á ÁO or even (C)HÁ Á ÁO). Consequently, the most stable structures calculated for these systems displayed a clear preference for a planar geometry. In the case of caffeates, the presence of an ethylenic spacer allows the formation of a conjugated system, strongly stabilised through p-electron delocalisation.
The final aim of this type of studies is the investigation of new anticancer agents, since chemotherapeutic drugs presently used in clinical practice display a high toxicity towards healthy cells and often lead to the development of resistance. The present work allowed to conclude on the clearly higher growth inhibition and cytotoxic activity of phenolic esters as compared to their corresponding acids. Also, the effect of slight structural variations in this kind of systems was found to cause a marked change in their biological activity. In fact, di and trihydroxylated propyl esters--both caffeates and gallates--displayed a far more pronounced growthinhibition activity towards the cell lines tested than their methyl and octyl analogues. Although these particular compounds presented some drawbacks for its use as antitumour agents--namely their hardly reversible cytotoxicity towards non-cancer cells--they also displayed a good water solubility. Knowing that propyl gallate (5) and octyl gallate (6) are commonly used additives in food and pharmaceutical industry, the results presently described--evidencing a significant cytotoxic activity of compound 5 against healthy cells-should not be disregarded.
When studying the potential antiproliferative role of this type of polyhydroxylated phenols, one should attend to properties such as size, degree of ring hydroxyl substitution and length of the alkyl chain, as well as lipophilicity. The understanding of the structure-activity relationships ruling their biological function lies in more specific assays, that target particular binding sites and mechanisms of action. This knowledge is of the utmost importance for the development of new and more effi-cient anticancer drugs, structurally based on phenolic compounds.
Experimental

Chemicals
Antibiotics (penicillin-streptomycin 100 · solution), transcaffeic acid ([trans- 
General synthetic procedure
Methyl caffeate (methyl trans-3-(3,4-dihydroxyphenyl)-2-propenoate, MC) and propyl caffeate (propyl trans-3-(3,4-dihydroxyphenyl)-2-propenoate, PC). The propyl and methyl esters of caffeic acid were synthesised by Fischer esterification, following the procedure described by Borges and coworkers, with slight modifications: 27;28 Caffeic acid (1.0 g) was refluxed for ca. 5 h with 150 mL of methanol or n-propanol, containing 2 mL of H 2 SO 4 , until the caffeic acid was no longer detected by TLC. After cooling, the solvent was partially evaporated under reduced pressure and the solution was neutralised with 10% Na 2 CO 3 . The mixture was then extracted with diethyl ether (3 · 150 mL). The organic phases were combined, washed with water (3 · 100 mL), dried over MgSO 4 and concentrated under reduced pressure. The residue was purified by column chromatography (silica gel, petroleum ether/ethyl ether). The structural data for methyl and propyl caffeates is in accordance with the results reported in the literature. 28 Octyl caffeate (octyl trans-3-(3,4-dihydroxyphenyl)-2propenoate, OC). Caffeic acid (5 g) and anhydrous dimethylformamide (0.1 mL) were dissolved in anhydrous ethyl ether (30 mL). Oxalyl chloride (7.3 mL) was added dropwise and the solution was stirred for 1 h at room temperature and another hour at 50°C. Octanol (6 mL) was then added and the mixture stirred for 8 h. After cooling, the solvent was partially evaporated under reduced pressure giving a yellowish-brown oil residue, which was dissolved in chloroform (75 mL). The organic phase was washed with 5% NaH-CO 3 (3 · 100 mL) and water (3 · 100 mL) and dried over MgSO 4 . After solvent evaporation, the crude product was purified by column chromatography (silica gel, chloroform 
Apparatus
Infrared spectra were recorded on an ATI Mattson Genesis Series FTIR spectrophotometer using potassium bromide disks. Only the most significant absorption bands are reported (t max , cm À1 ). 1 H and 13 C NMR data were acquired (at room temperature) on a Br€ uker AMX 300 spectrometer, operating at 300.13 and 75.47 MHz, respectively. Dimethylsulfoxide-d 6 was used as a solvent; chemical shifts are expressed in d (ppm) values relative to tetramethylsilane (TMS) as an internal reference; coupling constants (J) are given in Hz. Electron impact mass spectra (EI-MS) were carried out on a VG AutoSpec instrument. The data are reported as m=z (% of relative intensity of the most important fragments). Melting points were obtained on a K€ ofler microscope (Reichert Thermovar) and are uncorrected.
Other conditions
Thin-layer chromatography (TLC) was carried out on precoated silica gel 60 F254 and cellulose plates (E. Merck). The layer thickness was 0.2 and 0.1 mm, respectively. The following systems were used for analytical control: silica gel, petroleum ether/diethyl ether/ formic acid (5:5:0.1); silica gel, chloroform/methanol/ formic acid (9:1:0.5); cellulose, water/acetic acid (9:1). The spots were visualised under UV detection (254 and 366 nm) and iodine vapour. Solvents were evaporated in a Buchi Rotavapor.
Preparation of solutions
All compounds studied were water soluble in the concentration range used--from 2.5 · 10 À5 to 1.0 · 10 À4 M. Solutions were prepared in phosphate buffered saline solution (PBS): 132.0 · 10 À3 M NaCl, 4.0 · 10 À3 M KCl; 1.2 · 10 À3 M NaH 2 PO 4 ; 1.4 · 10 À3 M MgCl 2 ; 6.0 · 10 À3 M glucose; 1.0 · 10 À2 M HEPES (N-[2-hydroxyethyl]piperazine-N 0 -[4-butane-sulfonic acid]). Fresh solutions were prepared monthly and kept from light, in order to prevent oxidation. Trypan blue was used as a 0.04% (w/v) solution in PBS. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) was prepared, in a concentration of 0.5 mg/mL, in PBS solution containing 1.0 · 10 À3 M CaCl 2 .
Ab initio MO calculations
Full geometry optimisation and calculation of the harmonic vibrational frequencies--were performed using the G AUS SIA N 98 W GAUS SIA N 98W program, 29 within the density functional theory (DFT) approach, in order to properly account for the electron correlation effects (particularly important in this kind of systems). The widely employed hybrid method denoted by B3LYP, [30] [31] [32] [33] [34] [35] which includes a mixture of HF and DFT exchange terms and the gradient-corrected correlation functional of Lee, Yang and Parr, 36;37 as proposed and parametrised by Becke, 38; 39 was used, along with the double-zeta split valence basis set 6-31G**. 40;41 Molecular geometries were fully optimised by the Berny algorithm, using redundant internal coordinates 42 : The bond lengths to within ca. 0.1 pm and the bond angles to within ca. 0.1°. The final root-meansquare (rms) gradients were always less than 3 · 10 À4 hartree bohr À1 or hartree radian À1 . No geometrical constraints were imposed on the molecules under study.
Log P calculations
Estimated partition coefficients were calculated according to Parham et al. 43 
Biological assays
Cell culture: Stock cultures of cells were maintained at 37°C, under 5% CO 2 . HeLa, and L-132 (grown in monolayers) were kept in Dulbecco's modified Eagle's high glucose (4500 mg/L) medium (DMEM-HG), supplemented with 10% heat-inactivated fetal calf serum, glutamine (1.168 g/L) and antibiotics (100 units of penicillin and 100 mg streptomycin). The cell lines were subcultured twice a week. HeLa cells were harvested using a dissociation medium composed of 136.9 · 10 À3 M NaCl, 2.7 · 10 À3 M KCl, 8.2 · 10 À3 M Na 2 HPO 4 , 1.5 · 10 À3 M KH 2 PO 4 , 4.0 · 10 À4 M EDTA (ethylene-diaminetetraacetic acid, disodium salt, dihydrate) (pH 7.4) and containing 0.0004% (w/v) phenol red. L-132 cells were harvested with a trypsin/ EDTA solution (0.05% trypsin, 0.35 mM EDTA.4Na, reconstituted in balanced salt solution without Ca 2þ or Mg 2þ ).
Toxicity and cell growth inhibition evaluation
Cytotoxicity and cell density evaluation after drug exposure--for drug concentrations between 2.5 · 10 À5 to 1.0 · 10 À4 M--was assessed with use of standard assays. Cells were plated at 5 · 10 5 cell/mL. Twenty four hours after seeding, drug solutions were added to the medium and the cultures were incubated at 37°C. Cells were harvested and analysed (both in controls and in drugtreated cultures) every 24 h, for a total period of 3 days. Reversibility of the drug effect was tested by removing the drug and adding fresh culture medium in the last day of incubation with the drug, and assessing the cell viability following three to four more days of incubation. Cell density and viability were determined by Trypan blue exclusion on single-cell suspensions obtained from the monolayer cultures. Cell viability was further assessed by mitochondrial dehydrogenase activity--MTT assay. [44] [45] [46] [47] Measurements were carried out each 24 h and the results expressed as a percentage of the control (nontreated) cells, which was always taken as 100%. All experiments were performed in triplicate.
The 50% inhibitory concentration (concentration of drug required to inhibit cell growth by 50%, IC 50 ) was calculated, for each compound tested, from doseresponse curves (for an incubation period of 48 h).
Statistical analysis
All experiments were performed in triplicate. The results are expressed as mean values ±SD, (the corresponding error bars being displayed in the graphical plots). Statistical analysis were performed using ANOVA, followed by post hoc test of Fisher's Protected Least Significant Difference. Statistical comparison between the data was based on the Pearson correlation coefficient, values less than 0.05 being considered as significant.
